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Abstract Transgenic Cry1Ac?CpTI cotton (CCRI41) is
a promising cotton cultivar throughout China but side
effects and especially sublethal effects of this transgenic
cultivar on beneﬁcial insects remain poorly studied. More
speciﬁcally potential sublethal effects on behavioural traits
of the honey bee Apis mellifera L. have not been formally
assessed despite the importance of honey bees for polli-
nation. The goal of our study was to assess potential effects
of CCRI41 cotton pollen on visual and olfactory learning
by honey bees. After a 7-day oral chronic exposure to
honey mixed with either CCRI41 pollen, imidacloprid-
treated conventional pollen (used as positive sublethal
control) or conventional pollen (control), learning perfor-
mance was evaluated by the classical proboscis extension
reﬂex (PER) procedure as well as a T-tube maze test. The
latter assay was designed as a new device to assess
potential side effects of pesticides on visual associative
learning of honey bees. These two procedures were com-
plementary because the former focused on olfactory
learning while the latter was involved in visual learning
based on visual orientation ability. Oral exposure to
CCRI41 pollen did not affect learning capacities of honey
bees in both the T-tube maze and PER tests. However,
exposure to imidacloprid resulted in reduced visual learn-
ing capacities in T-tube maze evaluation and decreased
olfactory learning performances measured with PER. The
implications of these results are discussed in terms of risks
of transgenic CCRI41 cotton crops for honey bees.
Keywords Sublethal effect  Proboscis extension
response  Visual learning ability  T-tube maze  Cry1Ac 
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Introduction
In China, genetically modiﬁed (GM) cotton covers 70% of
the total cotton planting areas (Stone 2008). Transgenic
Cry1Ac (Bt toxin)?CpTI (Cowpea trypsin inhibitor) cotton
cultivar CCRI41 is widely used in China (50% of total
cotton crops) because it reduces pest damages and delays
the development of resistance in pest insects (Cui 2003;
Gassmann et al. 2009). Cry1Ac is considered a Lepi-
dopteran-speciﬁc toxin (Ho ¨fte and Whiteley 1989) and
CpTI affects metabolic processes of Lepidopteran and
Coleopteran insects (Boulter et al. 1989). CCRI41 is pri-
marily cultivated in the Yellow river cotton (YRC) zone
where it covers over 5.2 million hectares (http://www.
agri.gov.cn).
Honey bees, Apis mellifera L. account for at least 80%
of total pollinating insects of major crops (Klein et al.
2007) and are the most important pollinators in the YRC
area. Pollen is a major food for young bees (Haydak 1970)
and bee foragers collect large amounts of nectar and pollen
from cotton plants, including pollen of transgenic CCRI41
cotton. Entire colonies could be exposed to Cry1Ac and
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lethal effect of Cry1Ac?CpTI cotton pollen on bees (Liu
et al. 2009; Han et al. 2010), the potential sublethal effects
of Cry1Ac?CpTI toxins on honey bees need to be asses-
sed, since side effects of another Bt toxin (Cry1Ab) on bee
learning capacities and overall foraging activity have been
already reported (Ramirez-Romero et al. 2005, 2008). Risk
assessment for GM crops on pollinators may be an
important issue (Andow and Zwahlen 2006; Desneux and
Bernal 2010), notably because of global decline of bees
worldwide (Oldroyd 2007; Stokstad 2007).
Development of physiological processes involved in
olfaction and learning performance takes place during the
period that larvae and young adult honey bees feed on
pollen (Masson and Arnold 1984; Masson et al. 1993).
Learning performance is of primary importance in honey
bees when they become foragers (Seeley 1985; Menzel
1993; Hammer and Menzel 1995). Because the food
sources (blooming plant species) change every few days,
bees acquire and store reward-related information by way
of associative learning between the food resource and
olfactory and colour information (Behrends and Scheiner
2009; Srinivasan 2010). Behavioural plasticity is crucial
for exploitation of food resources because it allows for-
aging honey bees to move from depleted ﬂowers to new
ones swiftly (Herrera 1990). Any decrease in visual or
olfactory learning capacities could lead to reduced foraging
efﬁciency and induce a general decline in bee hive popu-
lations (Desneux et al. 2007; Decourtye et al. 2010).
Conditioned proboscis extension response (PER) is a
standard procedure to assess the sublethal effect of neu-
rotoxic pesticides on olfactory learning of honey bees
(Abramson et al. 1999; Decourtye and Pham-Dele `gue
2002; Decourtye et al. 2003, 2004; Desneux et al. 2007).
This assay has also been used to demonstrate side effects of
toxins from GM crops on honey bee learning (Picard-Nizou
et al. 1997; Pham-Dele `gue et al. 2000; Ramirez-Romero
et al. 2008). During conditioning, the PER is elicited by
contacting the gustatory receptors of the antennae with a
sucrose solution (unconditioned stimulus), and simulta-
neously delivering an odour (conditioned stimulus). Bees
can exhibit the PER as a conditioned response to the odour
alone after even a single pairing of the odour with a sucrose
reward.
Accurate assessment of sublethal effects of toxic prod-
ucts (like pesticides or toxins from GM crops) on bee
visual learning capacity may be achieved using labyrinth or
maze assays (Desneux et al. 2007; Decourtye et al. 2009).
Honey bees could discriminate blue colour among other
colours and they could obtain a reward placed on a piece of
blue cardboard surrounded by cards of other colours (Von
Frisch 1915; Srinivasan 2010). In a complex labyrinth, bees
could learn to navigate through mazes by using colour cues
and marks to trace novel paths through the maze (Zhang
et al. 1996, 2000). Orientation performance of bees in a
maze relies on associative learning between a visual mark
and a reward of sugar solution (Zhang et al. 1996)i na
similar way as in the PER test. The two assays thus appear
complementary encompassing main potential disturbances
of learning capacities of bees.
In this context, the aim of our study was to provide a
sublethal toxicity assessment of transgenic CCRI41 pollen
on the honey bee, A. mellifera by evaluating two aspects of
learning performance after chronic oral exposure: (i) visual
learning abilities based on visual orientation by developing
and using an innovative T-tube maze assay, and (ii)
olfactory learning capacities measured with a classical PER
procedure. Based on previous work demonstrating highly
variable expression level of Cry1Ac in cotton pollen
throughout the season (Han et al. 2010), we used cotton
pollen containing the highest concentration (worst case
exposure scenario) to conduct our experiments. The pes-
ticide imidacloprid (neonicotinoid) at 48 ppb (part per
billion) was used as positive sublethal control because of
its deleterious effects on learning performance in honey
bees in PER assays (Decourtye et al. 2003; Ramirez-
Romero et al. 2008; Han et al. 2010). In addition, potential
deleterious effect of sublethal doses of imidacloprid on bee
visual learning capacity still needed to be assessed.
Materials and methods
Cotton varieties
Transgenic Cry1Ac?CpTI cotton cultivar CCRI41 and its
untransformed parent cultivar CCRI23 were provided by
the Institute of Cotton Research, Chinese Academy of
Agricultural Sciences. Both cultivars were planted in early
May 2009 in experimental ﬁelds of Huazhong Agricultural
University and routine management was conducted except
for pesticide application. Pollen samples were collected on
the 20th of June, July, and August, which referred to cotton
early bloom, mid-stage bloom and late bloom respectively.
These pollens were then stored at -80C for later experi-
ments. Such freezing process did not impact stability and
activity of the Cry1Ac and CpTI toxins (Liu et al. 2009;
Han et al. 2010).
Chronic oral exposure
Conventional cotton pollen, CCRI41cotton pollen collected
in July (i.e. the worst case scenario because it containing the
highest amount of Cry1Ac toxin [300 ± 4.52 ng g
-1], see
Han et al. 2010) and imidacloprid-treated conventional
cotton pollen were used in the experiments as three different
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methods reported previously (Han et al. 2010). Three dif-
ferent diets were prepared by mixing water, honey and
pollens at the rates of 1:2:7 (weight) and the positive sub-
lethal control (imidacloprid-treated pollen) contained the
imidacloprid at a concentration of 48 ng g
-1 (48 ppb). This
concentrationofimidaclopridwaschosenaccordinglytothe
work by Ramirez-Romero et al. (2008) and was validated as
asublethalconcentration (as deﬁned byDesneux etal. 2007,
a concentration deﬁned as inducing no statistically signiﬁ-
cant mortality in the experimental population) in our
exposure conditions in a companion study (Han et al. 2010).
Emerging honey bees were collected from a bee colony
during summer. Bees were placed in groups of 40 indi-
viduals in glass-made cages (15 9 10.5 9 20 cm) adapted
from the Pain cage (Pain 1966) with the top covered with a
piece of mesh to ensure effective ventilation. A 10 ml
centrifuge tube was inserted in each cage containing foods
for honey bees. The cages were kept in an incubator in the
dark at 33 ± 1C and 55 ± 5% RH. Sucrose solution,
honey and conventional pollen were provided for the bees
in the ﬁrst 2 days to adapt to the experimental conditions.
Subsequently, the bees were exposed to the three different
dietary treatments for 7 days (Han et al. 2010) and then the
surviving bees were prepared for T-tube maze evaluation
and the PER test when they become foragers at approxi-
mately 12 days old (young adult bees were collected at
1 day after emergence, 2 days for adapting period, 7 days
dietary treatment, 1 day of starvation before the T-maze
conditioning and 1 day for T-tube experiment) (Seeley
1983). Four replicates were undertaken per treatment, with
40 honey bees tested per replicate (all replicates undergone
simultaneously).
T-tube maze assay
A T-tube maze assembled of two glass T-tubes was
designed to assess visual learning capacity of honey bees. It
was designed to be simpler to operate than the complex
maze developed by Zhang et al. (1996). Each T-tube had
two arms of 12 cm length each and an entry section of
20 cm length (internal diameter: 1.6 cm) (Fig. 1a). Two
arms were completely covered with yellow or blue ray
ﬁlter papers to provide different colour stimuli (condi-
tioned stimulus). Yellow and blue colours were chosen to
conduct the T-tube assay because these colours are spec-
trally separated for bees (Zhang et al. 1996) and also
because a previous study showed that other bees (bumble
bees) are less accurate at discriminating spectrally close
colours (Chittka et al. 2003). In addition, Zhang et al.
(1996) reported an innate preference for the yellow colour
in landing honey bees and in a pilot experiment we
found an innate (I) preference of bees for yellow versus
blue (73%, n = 159 bees). Thus we used the blue colour
(vs. yellow) as visual cue for conditioning because learning
a non-preferential colour ensured an effective measure of
bee visual learning capacity.
The honey bees were starved for 24 h before condi-
tioning. During conditioning trials, the honey bees were
placed in the entry section individually and a reward con-
sisting of a cotton swab with 20% sucrose was placed at the
end of the blue arm (Fig. 1a). Three conditioning sessions
were then carried out at 20 min intervals (C1, C2, C3), and
preference results in C2 and C3 were recorded because
there was no associative learning experience before bees
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Fig. 1 a The single T-tube used for the conditioning sessions (C1,
C2, C3): cotton swab with 20% sucrose was used as a reward
(unconditioned stimulus) at the end of the blue coloured arm
(conditioned stimulus). These two stimuli were used together to
establish CS/US association in honey bees (i.e. associate learning for
blue colour). b The assembled T-tube maze used in the evaluation
session (E): this device was used to test whether the bees could
successfully negotiate to the last blue section through the maze after
the conditioning sessions
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123went through the C1 (thus C1 served as initial conditioning
session). The number of individuals succeeding in negoti-
ating the T-tube to get the reward at the end of the blue arm
was recorded whereas the individuals initially failing to go
to blue session were blocked at the end of the yellow arm
until they crawled back to get the reward in the blue arm. In
order to avoid potential pheromone interference between
individuals, the tube was washed with ethanol and dried
before the next bee was prepared for conditioning.
At the end of the three conditioning sessions, the honey
bees were then subjected to an evaluation session (E).
To this end, two single T-tubes were assembled to form a
T-tube maze (Fig. 1b) to test whether the bees could
negotiate the maze and reach the last blue section of the
maze successfully.
In order to avoid unintended bias in honey bees during
the assays, the colours were exchanged between the dif-
ferent arms of the T-tube and T-tube maze for each new
conditioning session. Indeed, Zhang et al. (2000) showed
that a constant turn, for example in a maze where the goal
is reached by always making a left turn, was more easily
learned by bees. In the same line of reasoning, during
T-tube maze evaluation session we assembled the maze in
an opposite manner which means the bees were able to ﬁnd
the reward (choose 2 times the blue arms in the T-tube
maze) only when they turn left ﬁrst and then turn right.
Conditioned proboscis extension reﬂex assay
Olfactory-conditioned PER has been established as a
classical procedure for evaluating the olfactory learning in
honey bees (Pham-Dele `gue et al. 1993; Decourtye et al.
2003, 2004; Ramirez-Romero et al. 2005, 2008; Desneux
et al. 2007). After ﬁnishing the T-tube maze assay when the
honey bees were about 13-days old, the bees were trapped
individually in a cut off pipette tip with only their antennae
and mouthparts free. Bees were starved for 3 h prior to
conditioning and then placed in the main airﬂow (50 ml/s)
to be familiarized with the experimental context. For the
conditioning trials, linalool, a common ﬂoral odour (Blight
et al. 1997) (10 ll, 98% purity, Aladdin, Shanghai) was
used as the conditioned stimulus. It was deposited on a
ﬁlter paper strip inserted in a Pasteur pipette cartridge and
was delivered through a secondary airﬂow (2.5 ml/s for
6s). During odour delivery, the PER was elicited after 3s by
contacting the antennae with a sucrose solution (30%) as
the unconditioned stimulus, and the same solution was
immediately given as a reward, before the odour delivery
ended. Three conditioning sessions were carried out at
20 min intervals (conditioning phase; C1, C2 and C3). The
individuals were then subjected to ﬁve test (extinction)
trials (E1–E5), during which the conditioned stimulus
(linalool) was delivered for 6 s at 20 min intervals, without
the unconditioned stimulus and the reward. The condi-
tioned PER was recorded as a yes-or-no response during
the test sessions.
Statistical analysis
Proportions of CCRI41-exposed and imidacloprid-exposed
bees succeeding in T-tube and T-tube maze trails during
the conditioning (C2 and C3) sessions and the evaluation
session (E) were compared to the proportions observed in
the control group using permuted Fisher’s exact tests (proc
multtest). Similar statistical analyses were used to compare
responses of CCRI41-exposed and imidacloprid-exposed
bees to responses from control bees during PER condi-
tioning and extinction sessions. All statistical analyses
were performed using SAS Version 8.0 (SAS Institute Inc.,
Cary, USA).
Results
Visual learning capacity in T-tube maze assay
The results (Fig. 2) showed that the proportion of imida-
cloprid-exposed bees that successfully navigated through
the single T-tube in third conditioning session (C3:
P = 0.018) and evaluation session in the T-tube maze (E:
P\0.001) were signiﬁcantly lower than those from con-
trol group. However, the capacity of honey bees fed on
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Fig. 2 Percentage of individuals (n = 80 bees tested per group) (a
sub-sample of surviving active bees selected for this test, n = 20, 4
replicates) succeeding in navigating the single T-tube and assembled
T-tube maze to obtain the reward at the end of the blue arm after a
7-day period of oral exposure to food containing conventional
pollen (control), Cry1Ac?CpTI pollen, or imidacloprid-contaminated
(48 ppb) conventional pollen. Dashed line indicates innate response
of bees to the blue colour. Session C2, C3 and E refer to the second
and third conditioning sessions and the evaluation session respec-
tively. A permuted Fisher exact test was used to compare treatments,
* P\0.05, ** P\0.01, NS not signiﬁcant (when no treatments
differed from the control for a given trial, NS is reported only once)
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conditioning sessions (C2: P = 0.329; C3: P = 0.459) and
T-tube maze evaluation session (E: P = 0.338) compared
with control-bees.
In general, the percentage of successful individuals
increased gradually from about 27% (innate response to
blue colour) to approximately 50–60% in C2 and C3 ses-
sions (except for the imidacloprid group), which indicated
a good visual learning ability and orientation plasticity in
honey bees from CCRI41 and control groups.
Olfactory learning capacity: proboscis extension reﬂex
The percentage of individuals showing an initial PER
response in Cry1Ac?CpTI treatment (90%) and in imida-
cloprid (85%) were not signiﬁcantly different from those
recorded in control group (87.5%), which indicated that the
exposure did not affect the state of sensor-motor pathway
underlying the PER (Ramirez-Romero et al. 2008).
During PER, the honey bees fed on CCRI41 pollens
were not signiﬁcantly affected during the whole condi-
tioning process and extinction process (all P[0.05;
Fig. 3). However for the imidacloprid group, a signiﬁcant
difference was observed in C3 (P\0.001), E2 (P =
0.019), E3 (P = 0.007) and E5 (P = 0.040) compared to
control bees.
Discussion
Focusing on learning performance in our study, the results
suggested that CCRI41 cotton pollen has no negative
effects on honey bees that were exposed for 7 days during
the early adult stage. The proportion of CCRI41-exposed
bees responding to blue colour in single T-tube condi-
tioning and assembled T-tube maze evaluation was not
reduced signiﬁcantly compared to the control group. In
addition, honey bees performed equally well as control
bees in the PER bioassay and no signiﬁcant behavioural
modiﬁcation was induced by CCRI41 cotton pollen expo-
sure. In contrast, the sublethal dose of imidacloprid
decreased both visual and olfactory learning capacities. For
the ﬁrst time we demonstrate that a sublethal dose of
a neonicotinoid insecticide, imidacloprid, could reduce
visual learning capacity in honey bees. Our study is also
the ﬁrst to evaluate potential sublethal effects of a trans-
genic Cry1Ac?CpTI cotton cultivar on two aspects of
learning in honey bees simultaneously and to use a newly-
designed T-tube maze procedure to address risk assessment
of GM crops.
Sublethal effects on learning
Stimulus acquisition and discrimination, and learning are
complex processes which largely contribute to colony
health and social lifestyle in honey bees (Srinivasan 2010).
These processes crucial for foraging activities are very
important to bee colonies because of their logistic function
providing all individuals with food. However, they could be
impaired by agricultural synthetic pesticides (for review see
Desneux et al. 2007), and potentially also by insecticidal
proteins expressed in GM crops (Ramirez-Romero et al.
2008). It suggests the importance of assessing these
potential behavioural impacts using accurate bioassays. Our
study proposes using PER and T-tube maze bioassays to
measure negative impacts of these products on honey bees.
Only about 40% of honey bees from the imidacloprid
treatment made the correct decision to get the reward in the
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Fig. 3 Percentage of honey bees (n = 80 bees tested per group)
showing a PER (a sub-sample of surviving active bees selected for
showing a PER before the conditioning, n = 20, 4 replicates) during
conditioning trails (C1–C3) and extinction trails (E1–E5 after a 7-day
period of oral exposure to food containing conventional pollen
(control), Cry1Ac?CpTI pollen, or imidacloprid-contaminated
(48 ppb) conventional pollen. A permuted Fisher exact test was used
to compare treatments, * P\0.05, ** P\0.01 indicated a signif-
icant difference with the control, NS not signiﬁcant (when no
treatments differed from the control for a given trial, NS is reported
only once)
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123third conditioning session (C3) of the T-tube test, indicat-
ing that their visual learning ability based on visual ori-
entation may be lower than that of bees from CCRI41 and
control groups. Furthermore, this difference increased
compared with the control group in the T-tube maze
evaluation session (E). During this session, the perfor-
mance of CCRI41-exposed bees slightly decreased to a
relatively low level at 50%, but was not signiﬁcantly dif-
ferent from the control group. Together, these results
suggest that the visual learning ability based on visual
orientation was not signiﬁcantly affected in honey bees fed
CCRI41 cotton pollen but honey bees exposed to imida-
cloprid-treated pollen were perturbed. Recently, El Hassani
et al. (2005) and Decourtye et al. (2009) reported that
orientation capacity in honey bees declined dramatically
when exposed to the pesticide ﬁpronil, though only the last
study also assessed visual learning activity. Bees can per-
ceive visual information easily and accurately (Srinivasan
2010), but memory-formation based on associative learn-
ing appears to be more complicated. Our new T-tube maze
assay integrating visual information and spatial orientation
has proved useful to evaluate visual learning plasticity.
Presumably, imidacloprid may have a physiological effect
on visual information storage and memory consolidation of
bees (Desneux et al. 2007) and under natural conditions
this side effect may lead to lower foraging efﬁciency or
orientation loss in exposed bees. We demonstrate a new
means by which neonicotinoid pesticides may induce
unexpected decrease in honey bee foraging efﬁciency,
which might be linked to the honey bees worldwide decline
(Stokstad 2007) and also to the colony collapse disorder
syndrome (vanEngelsdorp and Meixner 2010). Careful
attention should be paid on these potential subtler behav-
ioural effects on honey bees.
Regarding the PER procedure, conditioning resulted in
the establishment of the conditioned stimulus/uncondi-
tioned stimulus association (Decourtye et al. 2003), and the
extinction process indicated the plasticity of PER response,
which has been shown to be directly related to foraging
efﬁciency (Ramirez-Romero et al. 2005). Also, it was
reported that the results from PER are consistent with those
obtained under semi-ﬁeld conditions after bees were
exposed to pesticides (Decourtye et al. 2004), suggesting
that results of the PER procedure are ecologically mean-
ingful. In the imidacloprid-exposed bees, a signiﬁcantly
lower percentage of individuals showing a PER response
were observed in C3, E2, E3 and E5, which indicates that
imidacloprid indeed impacted honey bees both in condi-
tioning and extinction processes. These effects were con-
sistent with those reported by Decourtye et al. (2003) and
Ramirez-Romero et al. (2008) and highlighted the potential
of this insecticide to affect multiple behavioural and
learning processes as demonstrated in other studies
(Decourtye et al. 2001, 2003, 2004; Guez et al. 2001;
Lambin et al. 2001; Ramirez-Romero et al. 2005; Desneux
et al. 2007; Yang et al. 2008). In contrast, CCRI41 cotton
pollen exposure did not induce any learning behaviour
modiﬁcation in honey bees suggesting that the bees were
able to learn the conditioned stimulus accurately and
showed a normal behavioural plasticity.
Implications for risk assessment
Our results show that CCRI41 pollen impose no risk on
learning performance, suggesting that the efﬁciency of
exposed bees in YRC when visiting ﬂowers and foraging
nectars is not affected. The supply of food resources for the
whole beehive would not be impaired by consumption of
Cry1Ac?CpTI cotton pollen in this region. In contrast,
imidacloprid-contaminated food induced a reduction in
visual learning capacities, which may lead to reduced for-
aging efﬁciency and disorientation in honey bees (Menzel
1993; Desneux et al. 2007). It should be stressed that
multiple sublethal effects of imidacloprid were reported on
behavioural and foraging performances of honey bees when
exposed at realistic (Bonmatin et al. 2005) lower doses
(6 ppb: Colin et al. 2001; 4 ppb: Decourtye et al. 2001) than
the one tested in our study (48 ppb). Thus, it is likely that
the LOEC (lowest observed effect concentration) of imi-
dacloprid for visual learning and orientation in honey bees
is much lower than 48 ppb. Such ecologically deleterious
effects on honey bees of this systemic pesticide (usually
used as seed dressing), and potential negative effects on
other non-target insects in cotton agro-ecosystems, deserve
more attention (Desneux et al. 2007).
We propose that the T-tube maze procedure as a useful
bioassay for assessing the sublethal effects of pesticides
or GM products on visual learning by honey bees (and
potentially by other non-target organisms). Still, more work
is needed to verify the reliability and practical meaning of
this procedure. The potential risk assessment posed by GM
crops on pollinators and other beneﬁcial arthropods mainly
depends on case-by-case analysis (Malone and Pham-
Dele `gue 2001) though extensive efforts have been done to
adapt the tiered approach that is used internationally within
chemical pesticides regulatory for the risk assessment of the
GM crops to non-target arthropods (Romeis et al. 2008). It
is essential to develop reliable tools for measuring precisely
potential physiological and behavioural disturbances in
exposed non-target organisms (Lovei and Arpaia 2005;
Ramirez-Romero et al. 2005, 2008; Chen et al. 2010;
Desneux et al. 2010; Mommaerts et al. 2010).
Our results provide important information on potential
threats to honey bees posed by insecticidal toxins and
pesticide, and more speciﬁcally how these products may (or
may not) affect learning and foraging efﬁciency of honey
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123bees. However it should be pointed that further investiga-
tions under more natural conditions would ideally complete
our assessment because of the uncertainty of external fac-
tors, such as pesticide residual level (Desneux et al. 2007)
and other complex behavioural and physiological traits
implicated in honey bee colony health (Masson and Arnold
1984; Greggers and Menzel 1993; Behrends and Scheiner
2009; Srinivasan 2010). The study of the two crucial aspects
of learning presented here can be ecologically meaningful
regarding honey bee conservation and future works should
focus on validating the ecological meaning of the results.
The two evaluation tools T-tube maze and PER can be used
in a complementary manner, allowing an assessment of
both visual and olfactory learning capacities (provided
consistent results in our study).
In this instance, the results showed no sublethal effect
on learning performance in honey bees after oral exposure
to CCRI41 pollen. Because exposure levels to Cry1Ac and
CpTI proteins used in our study are consistent between
laboratory experiments and natural conditions (Han et al.
2010), we conclude that sublethal effects of CCRI41 pollen
on learning performance of honey bees is unlikely in
natural conditions.
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